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Introduction
Recent years have seen an increased interest of the research community in the study of metasurfaces -elements enabling the manipulation of the amplitude, phase and polarization of optical beams (see review articles [1, 2] ). In the particular case of the metasurface, diffraction gratings with subwavelength features have been realized [3] which are suitable for polarization control of a passing light beam.
The first subwavelength binary micropolarizers to be manufactured operated in the IR range [4, 5] , implementing conversion of circularly polarized light of wavelength 10.6 µm into an azimuthally polarized beam. Generation of a radially polarized laser beam using a subwavelength diffraction grating operating at 1064 nm has also been reported [6] . A radial polarization interferometer that employs the subwavelength grating described in [6] has also been reported [7] .
A concentric-ring metal grating for generating radially polarized light of wavelength 633 nm from a circularly polarized beam has been discussed [8] . Using a similar approach, a terahertz vector radially polarized beam was generated in [9] . However, it is worthwhile noting that the beam discussed in [8] cannot be defined as being radially polarized in a strict sense. While being characterized by the radial polarization vector and a doughnut transverse intensity pattern, the beam's transverse phase distribution was not uniform. As a remedy for the said drawback, a combined holographic element composed of a concentric metal ring [8] and a "fork" hologram was introduced in [10, 11] .
The above-listed articles can be divided in two groups. The first group [4, 5, [8] [9] [10] [11] discusses the conversion of circularly polarized light into cylindrically symmetric beams. Being an analog of quarter-wave plates, such optical elements are easier to fabricate, as the grating microrelief features have a smaller aspect ratio. The second group contains elements intended to transform linearly polarized light into the radially or azimuthally polarized beams [6, 7, 12] . Such elements can be looked upon as analogs of a half-wave plate.
In earlier publications, we reported on the characterization of four-sector subwavelength gratings for incident light polarization manipulation. The reflective four-Sector transmission Polarization Converter (4-SPC) proposed in [13] was intended to convert linearly polarized incident light of wavelength λ into a radially polarized beam, which was then focused into an elongated subwavelength focal spot with smaller and larger sizes, respectively, measuring at full-width half-maximum of intensity FWHM = 0.40λ and FWHM = 0.50λ. In a similar way, reflective [14] and transmission azimuthal micropolarizers [15] have been described. As a follow-up from our previous study [15] , in this work we discuss obtaining a tight focal spot by focusing a laser beam transmitted through a 4-SPC.
There are also experimental works on generation of a far-field subwavelength focal spot by using a super-oscillatory lens (SOL) [16] [17] [18] [19] [20] [21] [22] . In [16] [17] [18] and focusing efficiency was not high, since the incident beam energy was distributed along the needle. In [19] by using a SOL with a focal distance of f = 10.3μm a focal spot was obtained with a diameter of FWHM = 0.29λ. However, the intensity side lobes exceeded the intensity in focus. In [20] by using a 1D SOL a focal line was generated at a distance of f = 94 μm with a thickness of FWHM = 0.41λ (side lobes were 22%). In [21] an ultrabroadband SOL was studied, which focused the light in the wavelength range from 405 nm to 785 nm. However, the focal spot diameter exceeded the diffraction limit. In [22] a SOL with ultra-long focal length f = 252.8μm generated a focal spot with a diameter FWHM = 0.454λ. However, the efficiency was only about 1% and side lobes were 26%.
Below, we discuss a four-sector transmission micropolarizer that enables the conversion of linearly polarized incident light into an azimuthally polarized beam. The resulting azimuthally polarized beam is characterized by a phase shift of π between the diametrically opposite beam points. Tightly focusing is implemented using a binary Fresnel lens as it enables obtaining a tighter focal spot when compared with an aplanatic lens [23]. Sharply focused azimuthally polarized optical vortices may find prospective uses in optical data storage [24] . We show that by placing a Fresnel zone plate (ZP) of focus 532 nm immediately behind the four-sector micropolarizer, light can be focused into a subwavelength focal spot with smaller and larger sizes measuring FWHM x = 0.28λ and FWHM y = 0.45λ, which is below the diffraction limit. It is also shown that if after passing through the micropolarizer the beam is allowed to propagate in free space over a distance of 300 µm before being focused by the ZP, the focal spot has respective sizes FWHM x = 0.42λ and FWHM y = 0.81λ (with the contribution of the transverse E-field component being FWHM x = 0.42λ and FWHM y = 0.59λ). Note that the experimental verification of the last numerical result has given a focal spot measuring FWHM = 0.46λ and FWHM = 0.57λ. The main advantage of the obtained focus is almost full absence of the side lobes (less than 10%). Note that in the abovementioned works [16-22] the side lobes level exceeded 20%.
Design and fabrication of the 4-SPC
In this work, we fabricated and characterized a visible-range binary subwavelength transmission element with a metasurface that is able to convert linear polarization into inhomogeneous near-azimuthal polarization, with the diametrically opposed beam points being characterized by a phase shift of π. By introducing such a phase shift we have combined a 4-sector azimuthal polarizer and a 4-sector analog of a spiral phase plate in a single element. Previously, an azimuthally polarized laser beam having passed through a spiral phase plate was shown to form a subwavelength focal spot of size below the diffraction limit. In [25] such a beam was shown to produce a focal spot whose area (0.147λ 2 ) was 13.5% smaller than a focal spot from a radially polarized beam (0.17λ 2 ). In [26] the authors reported focusing an azimuthally polarized beam transmitted through concentric-ring filters, with the rings represented by spiral phase plates arranged so as to provide a phase shift of π between the adjacent rings. Being focused with a wide-NA lens (NA = 0.95) onto a layer of magnetooptical material, such a beam produced a needle-like focus of size FWHM = 0.38λ and depth DOF = 7.48λ. Using a similar structure, a needle-like focus was numerically obtained in [27] , measuring FWHM = 0.366λ and DOF = 22λ.
The designed micropolarizer with half-wavelength shift for linear-to-azimuthal polarization conversion contains four sectors, with the subwavelength gratings grooves tilted by −60°, 60°, −60°, and 60°. Depending on which sector the beam is incident on, the polarization direction of linearly polarized light changes by −45°, 45°, −45°, or 45° relative to the incident polarization. The gratings have a 230-nm period, a 138-nm step width, and a 92nm grove width. The grating was fabricated in an amorphous silicon film. The microrelief height is 130 nm, the operating wavelength is 633 nm, and the complex refractive index of silicon is given by n = 3.87 -0.016i (measured using ellipsometry). It was found that just 15% of the incident beam energy passed through the micropolarizer. The relatively low efficiency is due to absorption of light in silicon. At the same time, the high-contrast refractive index of silicon enabled the microrelief height to be reduced by a factor of 2.6, which is significant considering the groove width under 100-nm. The fabricated micropolarizer measures 100 × 100 µm. In our earlier papers [13] [14] [15] we showed that it would suffice to use a 4-sector polarizer to generate a cylindrical vector beam.
The fabricated micropolarizer in Fig. 1 has parameters slightly different from the calculated ones, having a 244-nm period, a 148-nm step width, and a 96-nm groove width. Note, however, that such a discrepancy falls within 6%. The micropolarizer in Fig. 1 was fabricated by electron beam lithography. The surface of a 130-nm thick amorphous silicon (a-Si) found on a transparent pyrex 7740 substrate (refractive index is 1.47, http://www.valleydesign.com/pyrex.htm) was coated with a 320-nm thick PMMA resist, which was then baked at 180 °C. To prevent charging the sample surface was coated with a 15-nm thick golden layer. The 4-sector grating-polarizer's pattern was created on the resist surface by a 30-kV electron beam. The sample was developed in a 3:7 water solution of isopropanol and the gold layer removed. The transfer of the grating-polarizer's template from the resist to the aSi was carried out via reactive ion etching in the gas mixture of CHF 3 and SF 6 using a recipe optimized for photonic crystal fabrication similar to that used in [28] The resist thickness was chosen so as to enable the protection of pattern during the etching of the 130-nm aSi. The aspect ratio of etch rates of the material and the mask was found to be 1:2.5. 
Modeling the propagation of light through the 4-SPC
The performance of a perfect micropolarizer (with no regard for fabrication errors) was modeled as follows: the field transmitted through the element was calculated using the FDTD method implemented in the FullWAVE software (https://optics.synopsys.com/rsoft/rsoftpassive-device-fullwave.html). The element's microrelief was assumed to be illuminated via the substrate by a linearly polarized plane wave of wavelength λ = 633 nm at normal incidence. In the FDTD modeling, the grid step was equal to λ/30. The relief height was taken to be 130 nm. The refractive index of the substrate was n = 1.5. The far field intensity distribution was calculated using vector Rayleigh-Sommerfeld integrals, with the FDTDaided field intensity 100-nm away from the micropolarizer's surface used as the initial distribution. Figure 2 From Fig. 2 , in the near field (5.1-µm away from the micropolarizer) the polarization is seen to be near-azimuthal. Closer to the far field (at a 300-µm distance, Fig. 4 ), the field amplitude has a central maximum. Thus the modeling has shown that a micropolarizer with phase shift from Fig. 1 is able to generate in the near field a beam with near azimuthal polarization, characterized by a phase shift of π in the diametrically opposite points. This leads to the central maximum in the far field.
Simulation of focusing of light after passing 4-SPC by a Fresnel ZP
At the first stage of our study, we numerically simulated the focusing of laser light of wavelength λ = 633 nm, having passed through a four-sector micropolarizer, by means of a Fresnel ZP of focus f = 532 nm. The reason for using the Fresnel ZP as a focusing element was that given identical numerical apertures (NA) it enables the realization of a tighter focal spot when compared with an aplanatic lens [23]. The incident wavelength was chosen more than the focal length of the ZP to reduce the focal length.
The parameters of the ZP from Fig. 5 used in simulation were the same as those of the real Fresnel ZP that was later utilized in the experiment. The ZP of diameter 14 µm had a microrelief depth of 510 nm. Being composed of 12 rings and a central disk, the ZP was assumed to be fabricated in a resist with refractive index 1.52. The simulated ZP was entirely made of the resist, i.e. the substrate had a refractive index equal to that of the ZP. Figure 6 depicts the calculated intensity patterns in the (a) parallel and (b) perpendicular planes relative to the polarization direction of the incident beam. Figure 7 shows the intensity profile along the optical axis. The intensity profiles along the y-and x-axes in the focal plane are shown in Fig. 8 . An elliptic focal spot is seen to have smaller and larger sizes measuring FWHM x = 0.42λ and FWHM y = 0.81λ. The transverse dimensions of the focal spot along the Cartesian coordinates (x,y) at a distance of z = 250 nm from the ZP were calculated at halfmaximum of intensity. The focus was generated at a smaller distance than the focal distance of the ZP (f = 532 nm). Note that while taking into account only the transverse E-field component, the larger size of the spot is 0.59λ (dashed line in Fig. 8(a) ), since the tip used in this work near-field optical microscope NSOM is sensitive only to the transverse intensity. The area below the horizontal dashed line in Fig. 8 consists of material the refractive index of 1.52. Taking the substrate into account leads to increasing of the focal spot size. Simulation without the ZP substrate is described below in Section 6. 
Experiment
In the experiment, a laser beam of wavelength λ = 633 nm was focused with a ZP of focal length f = 532 nm after having passed through a 4-SPC.
The optical arrangement for the experimental measurements is shown in Fig. 9(a) . Linearly polarized laser light from a 55 mW He-Ne laser of wavelength 633 nm was delivered via an optical fiber to a substrate containing a 4-SPC on its surface. The 4-SPC under study was rigidly attached to the other substrate (thickness is 0.5mm) containing an array of ZPs from Fig. 9(b) [13] . For ease of understanding, the ZP and 4-SPC are separated by a distance in Fig. 9(a) . Note that while the substrate contained many zone plates, each with different fillfactor, only a single zone plate was used in each run of the experiments. The ZP and 4-SPC were superimposed using a conventional optical microscope. Shown in Fig. 10(b) is an optical microscope image of the ZP against the background of a 4-SPC. Note that superposition of the 4-SPC and ZP centers is a critical operation, and the focusing result depends on the accuracy of this alignment. A number of arrangements were chosen and the best focusing result shown below. The alignment tolerances are within those provide by pick and place assembly tools which could be used for mass manufacture. The inset in Fig. 10 shows a magnified image in an optical microscope of the exactly aligned 4-SPC and ZP. The location of the focal spot on the ZP and its size were controlled by shifting the mirror M 1 . After passing through the 4-SPC, the beam was focused with the ZP. The intensity distribution in the focal spot was measured at different distances from the ZP surface with a hollow metal pyramid taper C. There was a 100-nm pinhole in the taper tip. Having passed through the taper's pinhole, the light then traveled to a 100 × objective O 1 , before being transmitted through a spectrometer (Solar TII, Nanofinder 30) to filter off unwanted noise and registered by a CCD-camera (Andor, DV401-BV).
To ascertain that the beam has passed through the 4-SPC, a conventional polarizer can be placed after the objective O 1 . Figure 11 shows images of the transmitted beam for different positions of the polarizer. The images are identical to those reported earlier in [15] . From the similarity of the images in Figs. 4 and 11 , we can be sure that prior to hitting the ZP, radiation passes through the 4-SPC. For ease of comparison, the insets in Fig. 11 show the calculated intensity distributions, taken from Fig. 4 . It is seen that the experimental beam patterns are consistent with the simulation. Fig. 4 . It is also seen in the figure that the ZP is shifted from the optical axis (the ZP center is marked by the cross).
Measurements with a near-field scanning optical microscope have shown a focal spot to be formed at a distance of 250 nm from the ZP surface, with the spot size having FWHM = 0.46λ and FWHM = 0.57λ. Figure 12 shows the experimentally measured focal spot and its intensity profiles along the x-and y-axes. In [29], the Ntegra Spectra microscope that we utilized in the present experiment was shown to predominantly measure the transverse E-field component. The comparison of the experimentally measured sizes of the focal spot (FWHM = 0.46λ and FWHM = 0.57λ) and those derived via numerical simulation (FWHM = 0.42λ and FWHM = 0.59λ) for the transverse E-field component (dashed curve in Fig. 8(a) ) suggests that they are in agreement. 
Simulation of focusing of light by using the 4-SPC and ZP without the substrate
In this section, the focusing of light of wavelength λ = 633 nm that was passed through a 4-SPC before being focused by a ZP of focus f = 532 nm was numerically simulated. The 4-SPC was assumed to be placed directly in front of the ZP. As was the case in far-field simulation, the ZP parameters were the same as those of a real ZP utilized in the physical experiment. The ZP was assumed to be illuminated by a laser beam whose complex amplitude distribution is shown in Figs. 2(a) and 3 .
The simulation results are presented in Figs. 13-15 . Figure 13 depicts the intensity patterns in the (a) parallel and (b) perpendicular planes with respect to the incident beam polarization. Figure 14 shows the intensity profile along the optical axis. From Figs. 13-14 , an intensity peak (focal spot) is seen to be generated just behind the ZP surface. Figure 15 shows the intensity profiles in the focal plane. The focal spot is elliptic, measuring FWHM x = 0.28λ and FWHM y = 0.45λ at a distance of 40 nm from the surface. Note that while taking into account only the transverse E-field component, the size of the larger spot is 0.42λ (dashed line in Fig. 15(a) ). With increasing distance from the ZP surface, the focal spot gets larger and more circular, e. g. 200-nm away from its surface the spot size is FWHM x = 0.37λ and FWHM y = 0.48λ. The intensity profiles 200-nm away from the ZP are depicted in Fig. 16 . From Fig. 4 , the central part of the beam transmitted through the 4-SPC is seen to be nearly completely linearly polarized along the y-axis, see Fig. 4 (e), in the meantime it was an azimuthally polarized beam which was observed at the 4-SPC exit, as shown in Fig. 2(a) . As a result, when the 4-SPC -to-ZP distance increases to 300 µm the focal spot increases in size from FWHM x = 0.28λ and FWHM y = 0.45λ to FWHM x = 0.42λ and FWHM y = 0.81λ.
We would like to note that with the ZP being synthesized in a substrate hundreds of micrometers thick, it appeared impossible to place the 4-SPC right up against the ZP. However, this difficulty can be obviated by obtaining a 4-SPC image in front of the ZP relief. In this case, the polarization vector in the image would be the same as that at the 4-SPC exit (see Fig. 11 ). In this way, it is possible that there exists a coupling between the nanostructures in ZP and 4-SPC. Another approach is to combine the polarizer and the lens in one element. To do this, the grooves of subwavelength gratings of the polarizer from Fig. 1 should be etched within the zones of the microlens from Fig. 5 so as to implement a phase delay of π when passing from one zone of the microlens to another.
Conclusion
We have studied a four-sector transmission polarization convertor intended to convert linearly polarized laser light into an azimuthally polarized beam with its phase shifted by π in diametrically opposed points, by applying the proposed micropolarizer for tight focus of light. The results obtained are as follows.
1. FDTD-aided simulation has shown that by illuminating the ZP with a laser beam transmitted through a 4-SPC it is possible to obtain an elliptic subwavelength focal spot whose size is smaller than the diffraction limit, measuring FWHM x = 0.28λ and FWHM y = 0.45λ.
2. If after passing through the 4-SPC the beam was allowed to propagate in free space over a distance of 300 µm, before being focused by the ZP, the resulting focal spot measured FWHM x = 0.42λ and FWHM y = 0.81λ. Notably, the spot size contributed to only by the transverse E-field component was FWHM x = 0.42λ and FWHM y = 0.59λ.
